ABSTRACT The purpose of this study was to evaluate the effects of feeding corn naturally contaminated with aflatoxin B 1 (AFB 1 ) and aflatoxin B 2 (AFB 2 ) on serum biochemical parameters, hepatic antioxidant enzyme activities, and pathological lesions of broilers. In total, 1,200 Cobb male broilers were randomly allocated into 5 treatments, with 8 replicates per treatment and 30 birds per replicate, in a 42-d experiment. The dietary treatments were as follows: control, 25, 50, 75, and 100% contaminated corn groups. Results showed that serum aspartate aminotransferase activity in the 75 and 100% contaminated groups were higher than that in the control group on d 21 (P < 0.05). Decreased content of hepatic total protein and increased activities of hepatic glutathione reductase and glutathione-S-transferase were observed as the percentage of contaminated corn increased (P < 0.05). The activity of superoxide dismutase and the content of hepatic malondialdehyde increased when the broilers were fed with more than 50% contaminated corn (P < 0.05). A reduction in glutathione peroxidase level was observed in the AFB 1 -and AFB 2 -contaminated groups on d 21 (P < 0.05). The average pathological lesion scores and apoptosis rate of liver cells increased as the concentration of dietary AFB 1 and AFB 2 increased. Ultrastructural changes were found in the livers of broilers fed 100% contaminated corn. In conclusion, diets containing AFB 1 and AFB 2 could induce pathological lesions in the livers, slightly change the serum biochemical parameters, and damage the hepatic antioxidant functions when the inclusion of AFB 1 -and AFB 2 -contaminated corn reached or exceeded 50%.
INTRODUCTION
Mycotoxins are a group of secondary fungal metabolites that occur widely in naturally contaminated foods and feeds and have the most toxicity to animal health, and they can cause significant financial losses to the animal industries (Wu and Munkvold, 2008; Zhang and Caupert, 2012) .
It had been reported that grains naturally contaminated with fusarium (9.5~12.1 mg/kg of deoxynivalenol, DON) reduced performance and immune function, and altered intestinal morphology, hematology, and serum chemistry in broilers (Swamy et al., 2002 (Swamy et al., , 2004 Chowdhury and Smith, 2004; Awad et al., 2006) . Other researchers observed, however, that broilers had a high tolerance to fusarium (38~82.8 mg/kg of DON) contained in naturally contaminated grains (Lun et al., 1986; Moran et al., 1987) . The response to toxicity of naturally contaminated grains varied with species, sex, age, and health status of broilers and the concentration and length of exposure to mycotoxins (Jewers, 1990) .
The primary mycotoxins of concern in poultry feedstuffs are aflatoxins, mainly including 4 major forms: aflatoxin B 1 (AFB 1 ), aflatoxin B 2 (AFB 2 ), aflatoxin G 1 (AFG 1 ), and aflatoxin G 2 (AFG 2 ; Monbaliu et al., 2010) . The order of toxicity is AFB 1 > AFG 1 > AFB 2 > AFG 2 , among which AFB 1 is generally the most common one in feedstuffs (Fandohan et al., 2005) . Many studies have demonstrated that feeding purified AFB 1 has an adverse effect on the growth of broilers (Ledoux et al., 1999; Hashmi et al., 2006; Kermanshahi et al., 2007; Yarru et al., 2009; Magnoli et al., 2011) . Liver is the main target organ of aflatoxins, and histopathological examination by optical microscope can be used as an effective method for diagnosis of aflatoxicosis (Ellakany et al., 2011) . Previous studies have demonstrated the hepatotoxic effect of higher AFB 1 (1-5 mg/kg) on broilers, leading to pathological lesions of the livers (Rosa et al., 2001; Eraslan et al., 2006; Kumar and Balachandran, 2009 ). However, few literature studies have examined the effect of grains naturally contaminated with low levels of aflatoxins on the health of broilers (McKenzie et al., 1998; Aravind et al., 2003; Ghahri et al., 2010) .
Although results from our previous study demonstrated that feeding corn naturally contaminated with AFB 1 and AFB 2 did not affect apparent nutrient digestibility of broilers, it decreased performance and altered small intestinal morphology (J. Yang, unpublished data) . Whether the poor performance was caused by the effect of contaminated corn on other functions needs further study. Thus, this study was conducted to evaluate the effects of feeding corn naturally contaminated with AFB 1 and AFB 2 on the hepatic functions of broilers.
MATERIALS AND METHODS

Experimental Design and Diets
The bird experiment was conducted in accordance with guidelines approved by Animal Health and Care Committee of Sichuan Agricultural University.
The experiment was conducted using a single factorial experiment design, and the proportions of naturally contaminated corn to substitute for normal corn were 0, 25, 50, 75, and 100% in the diets, respectively. Each treatment had 8 replicates, with 30 birds per replicate. The basal diet was based on corn and soybean meal, with composition and nutrient levels in line with NRC (1994) recommendations for broilers (Table 1 ). All the ingredients in the diets except the corn were the same.
Birds and Management
In total, 1,200 one-day-old male Cobb broiler chicks from a commercial hatchery were weighed and randomly distributed into 5 treatments. The experiment lasted for 6 wk, consisting of a starter phase from d 0 to 21 and a grower phase from d 22 to 42. Birds were raised in cage pens at the Animal Nutrition Institute of Sichuan Agricultural University in China. Chicks were maintained on a 24-h continuous light schedule. The temperature was initially maintained at 33 ± 1°C and gradually reduced by 3°C per week to reach 21°C after 35 d, and this temperature was maintained for the duration of the experiment. Feed and water were provided ad libitum.
Corn and Dietary Mycotoxin Concentrations
Corn and feed samples were ground in a Retsch ZM100 mill (Retsch, Newtown, PA) using a sieve measuring 0.75 mm and were analyzed to determine the content of mycotoxins, including AFB 1 , AFB 2 , AFG 1 , AFG 2 , T-2 toxin, DON, zearalenone (ZEA), ochratoxin A (OTA), and fumonisin B 1 (FB 1 ). Briefly, mycotoxins were extracted from 25 g of milled sample with Postcolumn photochemical derivatization was used to enhance the mycotoxin response using a PHRED photochemical reactor (AURA Industries, New York, NY). The excitation and emission wavelengths were fixed at 365 and 440 nm for aflatoxins, 330 and 460 nm for OTA, 330 and 440 nm for FB 1 , and 381 and 470 nm for T-2 toxin, respectively. However, the presence of ZEA and DON was monitored at 274 and 220 nm, respectively, with the fluorescence detector. The detection limits of the above mycotoxins were 2 μg/kg for AFB 1 , 0.8 μg/kg for AFB 2 , 2.5 μg/kg for AFG 1 , 1.5 μg/kg for AFG 2 , 100 μg/kg for T-2 toxin, 300 μg/kg for DON, 100 μg/kg for ZEN, 30 μg/kg for OTA, and 200 μg/kg for FB 1 (AQTSSP, 2010).
Serum Biochemistry and Organ Weights
On d 22 and 43, one bird per replicate, for a total of 8 birds per treatment, was selected for blood sampling via the jugular vein; no anticoagulant was used. Blood samples were centrifuged at 900 × g for 10 min at 4°C to obtain sera, which were then stored at −20°C for the determination of serum biochemical parameters. Serum total protein (TP); albumin (ALB) content; alanine transaminase (ALT), aspartate aminotransferase (AST), and γ-glutamyltransferase (γ-GT) enzyme activities were measured by the colorimetric method. The specific assay kits were purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). After blood collection, chicks were euthanized humanely.
The livers were removed and weighed [data expressed as relative liver weight (g of liver/100 g of BW)].
Hepatic Antioxidant Enzyme Activities
On d 22 and 43, another bird from each replicate of each treatment was euthanized, and liver samples (at the same part) were obtained and then stored at −20°C until laboratory analyses were conducted. Liver samples (about 0.5 g) and physiological saline were mixed at a ratio of 1:9 to make tissue homogenates, and the homogenates were then centrifuged at 1,200 × g for 10 min at 4°C to obtain a supernatant fluid. The supernatant fluid contents of TP, malondialdehyde (MDA), activities of glutathione reductase (GR), glutathione peroxidase (GSH-Px), glutathione-S-transferase (GST), superoxide dismutase (SOD), and total antioxidant capacity were measured by the colorimetric method. The specific assay kits were purchased from the Nanjing Jiancheng Bioengineering institute of China.
Pathological Lesions and Apoptosis
On d 22 and 43, liver samples were fixed in 4% buffered formaldehyde and routinely embedded in paraffin. Thin sections (5 μm) were sliced and mounted on a slide, and then stained with hematoxylin and eosin for histopathological examination by an Olympus CX31-32C02 optical microscope (Olympus Optical Company, Tokyo, Japan). According to the severity of hyperplastic bile duct epithelium, the severity of lesions was scored subjectively as follows: 0, normal histological structure; 1, funicular hyperplasia of the bile duct epithelium was recognizable around some portal areas; 2, funicular hyperplasia of the bile duct epithelium was observed in almost all portal areas, and the region of hyperplasia was approximately half of the hepatic lobule; 3, funicular hyperplasia of the bile duct epithelium was involved in the whole hepatic lobule, and showed as a reticular pattern; 4, the bile duct epithelium presented as diffuse hyperplasia, and much more massive hyperplasia of the bile duct epithelium was observed in portal areas.
On d 43, one bird each from the control and 100% contaminated groups was randomly selected. Livers were dissected and then fixed in 2.5% glutaraldehyde and postfixed in 2% veronal acetate-buffered OsO 4 . After dehydration in graded alcohol, they were embedded in Araldite (Huntsman Advanced Materials LLC, Salt Lake City, UT). The sections, about 70 nm thick, were stained with uranyl acetate, poststained with 0.2% lead citrate, and examined with an H-600 electron microscope (Hitachi Company, Tokyo, Japan).
The apoptosis rate of liver cells was determined according to the method described previously (Peng et al., 2009) . Briefly, representative tissues selected from the livers were made into cell homogenates, passed through a 0.05-mm screen, and centrifuged at 25 to 60 × g at 4°C for 5 min. After the supernatants were discarded, the precipitates were washed 2 times with PBS (pH 7.0 to 7.4). The single-cell suspensions were obtained and their concentrations were adjusted to 1 × 10 6 cells/mL. After that, the 100-μL cell suspensions were placed in a flow tube and 5 μL of Annexin V fluorescein isothiocyanate and 5 μL of polytrans isoprene were added. The flow tube was mixed by shaking slightly and kept standing for 15 min away from light at room temperature. Then, 400 μL of binding buffer was added and mixed. The apoptosis rate of livers was determined by flow cytometry and analyzed by Cell Quest software (Becton Dickinson and Co., Franklin Lakes, NJ).
Statistical Analysis
Data were analyzed by one-way ANOVA using SPSS 11.0 (SPSS Inc., Chicago, IL). When the ANOVA showed significance, Duncan's significant-difference test was applied. All statements of differences were based on a significance level of P < 0.05.
RESULTS
Dietary Mycotoxin Concentrations
The naturally contaminated corn used in these diets was mainly contaminated with AFB 1 and AFB 2 . The concentrations of AFB 1 in the experimental diets ranged from 16.3 to 82.4 μg/kg in the starter period and from 34.3 to 134.0 μg/kg in the grower period. The contents of AFB 2 in diets ranged from 3.2 to 14.2 μg/ kg and from 6.2 to 23.6 μg/kg in the starter and grower periods, respectively. The contents of AFB 1 and AFB 2 were different because of different storage times and contamination degrees of corn ( Table 2 ). The contents of other mycotoxins (including AFG 1 , AFG 2 , DON, ZEA, OTA, T-2 toxin, and FB 1 ) were below the limit of detection.
Organ Weight and Serum Biochemistry
As shown in Table 3 , as the ratio of contaminated corn increased, the BW of broilers decreased. Compared with the control, the BW of broilers in the 100% contaminated group decreased significantly. There was no influence on the BW of broilers on d 42. No difference was shown in the absolute and relative weights of livers among treatments on d 21. However, the absolute weight of liver in the 25% contaminated group was lower (P < 0.05) than that in other groups on d 42, and the relative weight of liver in the 25% contaminated group was lower (P < 0.05) than that in the 50, 75, and 100% contaminated groups on d 42.
The results of serum biochemical parameters are given in Table 4 . On d 21, compared with other groups, the activity of serum AST increased (P < 0.05) when birds were fed 75 and 100% contaminated corn. Serum γ-GT activity in the 100% contaminated group was higher (P < 0.05) than that in the 25 and 50% contaminated groups, whereas it was higher (P < 0.05) in the 75% contaminated group than in the 25% contaminated group. There was no difference in contents of TP, ALB, and ALT on d 21 or in TP, ALB, ALT, AST, and γ-GT concentrations on d 42.
Hepatic Antioxidant Enzyme Activities
On d 21, compared with the control, the hepatic protein contents were decreased (P < 0.05) when the level of contaminated corn was increased (P < 0.05), with a significant difference in the 50 or 100% contaminated groups (Table 5 ). The same trend was found for GSHPx activities, with a decrease (P < 0.05) in the 25, 75, and 100% contaminated groups; GST activities in all contaminated groups were increased (P < 0.05), and the same trend was found for GR, with a significant difference (P < 0.05) in the 75 and 100% contaminated groups. The MDA content and SOD activity were increased (P < 0.05) in the 50% contaminated group. On d 42, all the contaminated groups resulted in a reduction in hepatic protein (P < 0.05). The contents of GR, GST, and SOD were numerically increased with increased levels of contaminated corn, but a significant difference (P < 0.05) was found only in the 75% and 100% contaminated groups for GR and GST contents and in the 100% contaminated group for SOD level. The MDA content in the 75% contaminated group showed an increase compared with that of the control group (P < 0.05). No effect on GSH-Px activities was observed on d 42 and on total antioxidant capacity on d 21 and 42 among treatments.
Pathological Lesions and Apoptosis
In the control group, all livers had a normal histological structure (scores 0; Figures 1a and 1b) . On d 21, hyperplasia of the bile duct epithelium became obvious as the contaminated corn increased, and the average scores in the 25, 50, 75, and 100% contaminated groups were 0.67, 0.83, 1.83, and 3.67, respectively (Table 6 ). In the 25 and 50% contaminated groups, few hyperplastic bile duct epithelia were observed (score 1; Figure 1c and 1d). In the 75% contaminated group, 83.3% (5/6) of the livers had light lesions (scores 1 and 2; Figure  1e and 1f), and 16.7% (1/6) of livers had severe lesions (score 4; Figure 1i and 1j). In the 100% contaminated group, all the livers had severe lesions; 33.3% (2/6) of the livers were scored 3 (Figure 1g and 1h ) and the rest (4/6) were scored 4 (Figure 1i and 1j) . On d 42, histopathological lesions of livers in the AFB 1 -and AFB 2 -contaminated groups were all alleviated; the average scores in the control, 25, 50, 75, and 100% contaminated groups were 0, 0, 0.17, 0.33, and 0.5, respectively.
Ultrastructural changes were observed in the 100% contaminated group compared with the control group (Figure 2) . Hepatocytes showed fatty degeneration; differently sized lipid droplets presented in the cytoplasm. The endoplasmic reticulum was swollen and many secondary lysosomes were present in the cytoplasm. Karyomorphism became irregular, and swelling of the a-c Different lowercase superscripts in the same row indicate a significant difference between treatments (P < 0.05). 1 TP = total protein; ALB = albumin; ALT = alanine transaminase; AST = aspartate aminotransferase; γ-GT = γ-glutamyltransferase. a-c Different lowercase superscripts in the same row indicate a significant difference between treatments (P < 0.05). 1 GR = glutathione reductase; SOD = total superoxide dismutase; GST = glutathione-S-transferase; MDA = malondialdehyde; T-AOC = total antioxidant capacity; GSH-Px = glutathione peroxidase. nuclear membrane was observed. Some circular-shapes structures appeared in the nucleus.
The data given in Table 7 indicate that as the level of contaminated corn increased, the apoptosis rate of liver cells increased on d 21 (P < 0.05) and d 42 (P = 0.070). Compared with the control, significant increases were found in the 50, 75, and 100% contaminated groups on d 21 (P < 0.05) and in the 75 and 100% contaminated groups on d 42 (P < 0.05).
DISCUSSION
In this study, the BW of broilers selected for determination of the relative weight of livers was close to the average BW of the corresponding replicate. Hence, the result was not completely similar to other data on performance (J. Yang, unpublished data). Birds fed corn naturally contaminated with AFB 1 and AFB 2 tended to have an increase in the relative weight of livers that was similar to the results from other researchers (Miazzo et al., 2000; Teleb et al., 2004; Sakhare et al., 2007; Safameher, 2008) . The inhibition of lipid transport may result in lipid accumulation and the formation of a specific and enlarged fatty liver (Tung et al., 1972) . Our study failed to observe any statistical change in the relative weight of livers, which may have been caused by the low levels of AFB 1 and AFB 2 in the diets. The mechanism explaining why the absolute and relative weights of livers in the 25% contaminated group were lower than those in the other contaminated groups on d 42 is not clear. It may be due to the stimulating effect of low levels of dietary AFB 1 and AFB 2 . Item  Control  25%  50%  75%  100%   21 d  0  6  2  1  0  0  1  0  4  5  3  0  2  0  0  0  2  0  3  0  0  0 When hepatocyte permeability increased or hepatocytes were damaged, transaminase may have been released from hepatocytes into the blood and increased serum transaminase activity. The reduced serum total protein was probably due to the inhibition of amino acid transport and mRNA transcription, resulting in the inhibition of DNA and protein synthesis (Thaxton et al., 1974) . The present study showed that the 75 and 100% contaminated corn significantly increased serum AST activity and had an increased tendency for γ-GT compared with the control on d 21. This result was in agreement with previous studies on broilers (Bintvihok and Kositcharoenkul, 2006; Ghahri et al., 2010) and on laying hens (Fernandez et al., 1994) , illustrating that aflatoxin-contaminated corn can cause damage to the hepatocytes of broilers and increased serum transaminase activities. Furthermore, no significant difference was observed in serum TP and ALB contents and ALT enzyme activity, which agreed with the results of some studies on broilers (Fernandez et al., 1994; Tedesco et al., 2004) . However, other reports indicated that AFB 1 (0.1~5 mg/kg) significantly improved serum ALT and AST activities and decreased TP and ALB contents (McKenzie et al., 1998; Oğuz et al., 2000; Cao et al., 2010) . Aravind reported that grains naturally contaminated with mycotoxins (aflatoxins, 168 μg/kg; ochratoxin, 8.4 μg/kg; ZEA, 54 μg/kg; T-2 toxin, 32 μg/ kg) significantly decreased serum TP content and ALT and AST activities of broilers on d 21 and had no effect on these serum indices on d 35 (Aravind et al., 2003) . These differences were due to naturally contaminated corn containing complex ingredients, which was different from purified AFB 1 . Furthermore, the species, age of bird, dosage, and time of mycotoxin exposure could not be ignored.
Under normal physiological conditions, the organism maintains a dynamic balance between the oxidative system and the antioxidant system. Pathological factors and toxic materials may break down this balance, accumulate free radicals, and induce oxidative damage. Enzymes such as SOD, GSH-Px, GST, and GR are crucial components of the antioxidant system and play a key role in removing oxygen free radicals and relieving oxidative damage. Our study indicated that diets containing AFB 1 and AFB 2 significantly reduced hepatic protein content and increased hepatic GST and GR activities, a finding supported by other reports (Gawai et al., 1992; Quezada et al., 2000; Valdivia et al., 2001) . The toxic damage of AFB 1 depends on its second metabolite of AFB 1 -8,9-expoxide. The GST catalyzse AFB 1 -8,9-expoxide to covalently bind with reduced glutathione and eliminates toxins from the body as AFB 1 -mercaptan uric acid (Moss et al., 1985; Raney et al., 1992) . The GR is mainly responsible for convert- ing oxidized glutathione into reduced glutathione, and increased GR activity means that reduced glutathione is increased. The increases in GST and GR activities demonstrated that under the stimulation of low AFB 1 levels, broilers met the requirement of detoxification by secreting much more GST and GR. Reduced hepatic protein content was caused by inhibition of protein synthesis due to the damage of the liver. The SOD plays a vital role in the conversion of O 2 − into H 2 O 2 , and GSHPx then converts H 2 O 2 into H 2 O. As the main product of lipid peroxidation, MDA is an important index of antioxidant ability (Wills, 1966) . In our study, corn naturally contaminated with AFB 1 and AFB 2 significantly enhanced the hepatic MDA content, decreased GSH-Px activity (d 21), and had no effect on total antioxidant ability. Similar results were observed in previous studies (Shi et al., 2006; Gowda et al., 2008; Hou et al., 2008) , which suggested that aflatoxins could induce hepatic lipid peroxidation and damage the antioxidant system. The GSH-Px activity showed no difference on d 42, which may be attributed to the increased tolerance of broilers. However, it is interesting that we found AFB 1 and AFB 2 contaminated corn treatments enhanced the hepatic SOD activity, which was in contrast to the studies mentioned above. This discrepancy may be ascribed to unknown ingredients contained in naturally contaminated corn or the body having a response to low levels of AFB 1 and AFB 2 to produce more SOD for the removal of increased oxygen free radicals by adjusting itself. Regretfully, we failed to establish a significant dose-effect relationship between treatments for MDA, GSH-Px, and SOD, for which we thought the difference in individuals and the sensitivity to low levels of AFB 1 and AFB 2 were important.
No macroscopic changes in liver was found at low levels (50 to 100 μg/kg) of aflatoxins (Ortatatli et al., 2005) . However, other researchers reported that lower aflatoxins (30 to 200 μg/kg) induced hepatic architecture enlargement, fatty degeneration, bile-duct hyperplasia, periportal fibrosis, hepatocytic vacuolation, and necrosis through microscopic investigation (Teleb et al., 2004; Ortatatli et al., 2005; Ellakany et al., 2011) , which was consistent with the present study. The alterations in the ultrastructure of hepatocytes observed in the 100% contaminated group also clarified that corn naturally contaminated with AFB 1 and AFB 2 caused pathological lesions of the hepatocytes. We also found that the degree of damaged livers increased with increasing levels of contaminated corn. Furthermore, the extent of damage on d 21 was greater than that on d 42, which was probably due to the enhanced tolerance to aflatoxins as the broilers aged.
Apoptosis is a specialized process of cell death that is part of the normal development of organs and tissue maintenance, but it may also occur as a response to various environmental stimuli, indicating toxicity (Ribeiro et al., 2010) . In the present study, corn naturally contaminated with AFB 1 and AFB 2 significantly increased the rate of hepatic apoptosis, which agreed with the results of studies on male rats (Meki et al., 2001 ) and on ducks (He, 2011) . The apoptosis result also demonstrated that the AFB 1 -and AFB 2 -contaminated corn damaged the hepatic tissues at the molecular level.
Aflatoxin B 1 is mainly metabolized in the liver and its second metabolite of AFB 1 -8,9-expoxide can combine with DNA, cause canceration of hepatic cells, and damage the hepatic functions thereafter (Swenson et al., 1977; Yoshizawa et al., 1982; Eaton and Gallagher, 1994) . Through the observation of pathological changes and determination of the rate of apoptosis, we found that corn naturally contaminated with AFB 1 and AFB 2 damaged the hepatic tissue, and then transaminase was released into the blood and caused serum transaminase activities to be enhanced, but this effect was not obvious, with the only changes in AST and γ-GT activities occurring on d 21. We hypothesize that feeding aflatoxins resulted in the inhibition of hepatic protein synthesis and lipid metabolism, including a decrease in hepatic protein content, the formation of fatty liver, and an increase in the relative weight of livers. The reduced antioxidant functions in the current study indicated that aflatoxins caused hepatic lipid peroxidation and damaged the antioxidant system. This may have resulted from the mechanisms of cell and DNA damage induced by aflatoxins (Shen et al., 1994) . The impairments of hepatic functions and metabolism induced by AFB 1 -and AFB 2 -contaminated corn were probably responsible for reduced performance of broilers. Moreover, the toxic effects of corn naturally contaminated with AFB 1 and AFB 2 on broilers in the starter period were greater than those in the grower period, which showed that young birds were more sensitive to aflatoxin toxicity.
In conclusion, our results indicate that feeding corn naturally contaminated with AFB 1 and AFB 2 slightly changed serum biochemical parameters and impaired hepatic tissues and hepatic antioxidant functions. This influence was greater when broilers were exposed to 36.9 and 6.4 μg/kg of AFB 1 and AFB 2 in the starter period and 95.2 and 17.0 μg/kg of AFB 1 and AFB 2 in the grower period, respectively.
